In both prokaryotes and eukaryotes, proteins involved in DNA repair often organize into multicomponent complexes that can be visualized as foci in living cells. We used a RecA-GFP fusion to examine the subcellular cues that direct RecA-GFP to assemble as foci in response to DNA damage. We used two different methods to inhibit initiation of DNA replication and determined that DNA replication is required for the cell to establish RecA-GFP foci after exposure to DNA-damaging agents. Furthermore, use of endonuclease cleavage to generate a site-specific double-strand break demonstrated that the replication machinery (replisome) and DNA synthesis are required for assembly of RecA-GFP foci during repair of a double-strand break. We monitored the cellular levels of RecA and found that focus formation does not require further induction of protein levels, suggesting that foci result from a redistribution of existing protein to sites of damage encountered by the replisome. Taken together, our results support the model that existing RecA protein is recruited to ssDNA generated by the replisome at sites of DNA damage. These results provide insight into the mechanisms that the cell uses to recruit repair proteins to damaged DNA in living cells.
In both prokaryotes and eukaryotes, proteins involved in DNA repair often organize into multicomponent complexes that can be visualized as foci in living cells. We used a RecA-GFP fusion to examine the subcellular cues that direct RecA-GFP to assemble as foci in response to DNA damage. We used two different methods to inhibit initiation of DNA replication and determined that DNA replication is required for the cell to establish RecA-GFP foci after exposure to DNA-damaging agents. Furthermore, use of endonuclease cleavage to generate a site-specific double-strand break demonstrated that the replication machinery (replisome) and DNA synthesis are required for assembly of RecA-GFP foci during repair of a double-strand break. We monitored the cellular levels of RecA and found that focus formation does not require further induction of protein levels, suggesting that foci result from a redistribution of existing protein to sites of damage encountered by the replisome. Taken together, our results support the model that existing RecA protein is recruited to ssDNA generated by the replisome at sites of DNA damage. These results provide insight into the mechanisms that the cell uses to recruit repair proteins to damaged DNA in living cells.
replisome ͉ focus ͉ double-strand break M any organisms have evolved complex cellular responses that allow for survival after exposure to DNA-damaging agents (for review, see ref. 1) . Cytological experiments have shown that, in both prokaryotes and eukaryotes, specific DNA repair proteins organize into complexes that can be visualized as foci in response to DNA damage (2) (3) (4) (5) (6) . The assembly of repair proteins into foci appears to be a conserved cellular response that may allow for more efficient repair by localizing the proteins necessary for repair to the same site. The mechanisms that govern the assembly of repair proteins into foci have remained elusive.
RecA protein is central to prokaryotic DNA repair. RecA is required for homologous recombination, contributes to the regulation of translesion synthesis, and participates in the SOS transcriptional response to DNA damage (7) (8) (9) . In Escherichia coli, RecA binds ssDNA during the repair process, and formation of the RecA/ssDNA nucleoprotein filament (10) is required for activating RecA for its various roles in DNA repair (1) . A critical step in formation of the RecA/ssDNA nucleoprotein filament is the association of RecA with ssDNA, which can be accomplished by several different mechanisms. During doublestrand break (DSB) repair, the most prominent mechanism in E. coli involves the combined action of the helicase and exonuclease activities of the RecBCD enzyme (11) , resulting in the formation of a 3Ј ssDNA segment (12) that RecA binds (11, 13, 14) . RecA can also bind to daughter-strand gaps (15) , which refers to gaps in the newly synthesized strand that are formed opposite lesions in the template strand (16) . The RecFOR proteins assist in the binding of RecA to daughter-strand gaps in E. coli (17) .
In Bacillus subtilis, the mechanisms that govern the association of RecA with ssDNA are poorly understood (18) . The RecFOR pathway exists, although these proteins appear to play a more substantial role in recombination than in daughter-strand gap repair (18) (19) (20) . In addition to this fundamental difference between B. subtilis and E. coli, B. subtilis contains five epistasis groups that contribute to homologous recombination (21) . Each of these groups utilizes different proteins that appear to function upstream of RecA binding (20) .
In addition to the specific repair proteins that contribute to the formation of RecA/ssDNA filaments, several lines of evidence suggest that RecA filaments might be formed after DNA replication. As mentioned above, the replication of damaged DNA templates results in daughter-strand gaps (16) , providing a substrate for RecA binding (22) . Since this discovery, it has been shown that purified E. coli RecA binds these gaps with the help of the RecFOR proteins (15, 17) . Furthermore, two independent studies have shown that DNA synthesis is important for induction of the SOS response after treatment with UV light (23, 24) . Because the RecA/ssDNA filament is required in order to inactivate LexA (25) , resulting in SOS induction, it was concluded that replication was necessary to form the RecA/ssDNA complex (24) . These observations suggest that DNA replication may be required in order to generate ssDNA for RecA binding.
Recently, cytological experiments using RecA fused to GFP have bridged our current biochemical and genetic understanding of RecA with the subcellular localization response to DNA damage (3, 6) . These studies have shown that RecA-GFP in E. coli (or ectopically expressed GFP-RecA in B. subtilis) forms foci in a small percentage (Ϸ10-15%) of cells during normal growth (3, 6) . After challenge with exogenous DNA-damaging agents, RecA-GFP (or GFP-RecA) localizes as foci in the majority of cells (Ϸ80-90%) (3, 6) . These results indicate that RecA-GFP foci form in response to DNA damage. RecA foci have been suggested to represent the visualization of ssDNA/RecA nucleoprotein filaments that are formed during repair in vivo (3, 6) . The role that replication of damaged templates provides in eliciting the formation of RecA-GFP foci is unclear. In B. subtilis, it was shown that recombination protein RecN rarely colocalizes with the replisome (defined as replicative DNA polymerase and associated proteins at the replication fork) after exposure of cells to mitomycin C (MMC) or induction of a site-specific DSB, yet RFP-RecA colocalized with RecN-GFP after induction of DNA damage with MMC (3). These results suggest that RecA can associate with DNA damage independently of the replisome. Examination of RecA-GFP foci in E. coli after UV irradiation revealed that the positions of RecA-GFP foci were similar to the positions expected for the replisome (6) . It is unclear whether the differences observed between these studies reflect differences in how these two bacteria respond to DNA damage or the differential processing of lesions formed by the particular DNAdamaging agents used.
We report here that replisomes are required in order to elicit formation of RecA-GFP foci in response to DNA damage in B. subtilis. By using DnaA and DnaN depletion to regulate replication initiation, we show that replisomes are required for RecA-GFP foci to form in cells damaged with UV, MMC, ionizing radiation (IR), and a site-specific DSB. We also used a strain temperature-sensitive for replication initiation and showed that RecA-GFP foci form in response to replication fork progression. Moreover, we show that the position of RecA-GFP foci is consistent with the subcellular position of replisomes in B. subtilis. We also show that RecA-GFP foci form in cells that are not capable of inducing RecA protein expression, demonstrating that focus assembly results from the redistribution of existing protein to sites of replication stress. With these data, we hypothesize that the replisome must encounter damaged DNA before assembly of RecA onto ssDNA generated during genome replication in B. subtilis.
Results
A RecA-GFP Fusion Protein That Is Functional in Vivo. We constructed a C-terminal GFP fusion to B. subtilis RecA with a strategy previously used in E. coli (6) . Through site-directed mutagenesis, we linked the native B. subtilis recA to a monomeric derivative of gfpmut2 (referred to as mgfpmut2 or GFP in text). Our recA-gfp fusion is functional and provides resistance to killing by a variety of DNA-damaging agents at 30°C. Survival of strains carrying the RecA-GFP fusion protein as the only copy of recA in the cell was indistinguishable from that of the parental recA ϩ strain after exposure to low doses of IR, up to a dose of 20 Gy [see supporting information (SI) Fig. 5A ] or to low doses of UV (5 J/m 2 ) and MMC (20 ng/ml) (data not shown). However, we did find that the survival of the recA-mgfpmut2 strain was less than that of the recA ϩ parent as the IR dose was increased to 60 Gy (SI Fig. 5B ) or at higher doses of UV and MMC (data not shown). Unless otherwise stated, we have used low doses of exogenous DNAdamaging agents corresponding to a Ͼ90% survival rate, in an effort to ensure that RecA-GFP was examined under conditions where its properties were as close to wild-type RecA as possible. Our RecA-GFP analysis differs from previous studies with B. subtilis GFP-RecA (3) because our fusion is the only copy of RecA in the cell and we used monomeric GFP in all of our experiments. These differences ensure that the wild-type recA allele and GFP dimerization are not interfering with the function of RecA-GFP in vivo (see SI Results). We examined RecA-GFP focus formation in response to equitoxic doses of IR, MMC, and UV (see SI Table 2 ). A description of these results, a time course for RecA-GFP focus formation, and a dosage-response experiment are described in the SI (see SI Fig. 6 ).
The Subcellular Position of RecA-GFP Foci Is Consistent with the
Position of Replisomes After DNA Damage. As noted by others (3), we observe 1-2 foci of RecA-GFP in most cells that are expected to have a large number of lesions (see SI Table 2 and Fig. 1 A) . We wondered whether the RecA-GFP foci were coincident with sites of DNA replication, because the distribution of RecA-GFP foci appeared very similar to that described previously for the replisome in living cells. During initiation and elongation of DNA replication in B. subtilis, components of the replisome, when tagged with GFP, form discrete foci near midcell or future midcell positions (26) (27) (28) . We asked whether RecA-GFP foci localize to the replication fork after the replisome encounters lesions, or to sites of ongoing repair. We examined RecA-GFP and DnaX-GFP (which corresponds to the tau subunit of the replisome) focus position after treatment with IR or UV as representative for these foci in damaged cells. Indeed, the subcellular distribution of single RecA and replisome foci were nearly identical when examined individually ( Fig. 1 B and C; replisome images are shown in SI Fig. 7) .
We attempted to construct a strain bearing both DnaX-CFP and RecA-YFP fusions for colocalization studies, to support the results described above. Although B. subtilis was able to maintain the DnaX-CFP or RecA-YFP fusions separately, we were unable to construct a strain that stably maintained both fusion proteins. This result suggests that the fusion proteins could be interacting in vivo in a manner that is deleterious to the cell. Despite this constraint, we were able to visualize RecA and the replisome in cells immediately after strain construction. We found that RecA colocalized with DnaX in both untreated cells and in cells treated with UV (Ϸ90% colocalization, n ϭ 60; data not shown).
It has been shown in E. coli that UV-induced damage alone does not induce the SOS response, and it was suggested that the act of the replisome attempting to bypass UV lesions results in excess ssDNA required for RecA binding and SOS induction (24) . From these data, we predicted that RecA-GFP foci would form at each fork in a cell, if the number of lesions per kb is high enough to elicit such a response. To test this, we challenged our strains with an elevated dose of UV (20 J/m 2 ) to ensure that within 10 -20 s after irradiation almost every replisome would encounter a UV-induced lesion (29) . After this treatment, we found that the number of RecA-GFP foci per cell was nearly identical to the number observed for replisome foci with and without UV irradiation (Fig. 1D) . These results support the model that RecA-GFP localizes to the replisome after the replisome encounters UV-induced damage and that the number of replisomes per cell is unchanged after exposure to UV.
The Replisome Is Required for RecA Focus Formation. Our results show that the position of RecA foci is similar to that of the replisome. It seemed possible that the replisome might trigger the formation of RecA-GFP foci. Alternatively, RecA-GFP foci could have the capability to associate with lesions independently of the replisome. To discriminate between these possibilities, we inhibited replication initiation to determine whether replisomes were important for RecA-GFP focus formation.
To this end, we integrated an isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible promoter upstream of the dnaAN genes (dnaA::P spac dnaAN ϩ ). This allows for the controlled expression of dnaA and the downstream gene dnaN (26, 30) . DnaA protein is required for the initiation of DNA replication (for review, see ref. 31) , and dnaN encodes the ␤-clamp that allows for processive DNA replication (32, 33) . Cells bearing the dnaA::P spac dnaAN ϩ allele require IPTG for expression of dnaAN and for viability (26) . We grew a RecA-GFP strain in the presence of IPTG to allow for dnaAN gene transcription and normal replication. Removal of IPTG allows for existing rounds of DNA replication to be completed, but new rounds fail to initiate once the cellular pool of DnaA has dropped below the level required to assemble replisomes at oriC. DnaAN depletion was for two to three doublings, followed by treatment with the indicated exogenous agents (Fig. 2) . In the undamaged sample, RecA-GFP foci were reduced Ϸ20-fold after DnaAN depletion (Fig. 2) . Similarly, DnaAN depletion reduced RecA-GFP foci up to 40-fold, depending on the damaging agent used (Fig. 2) . In DnaAN-depleted cells, we still observed diffusely distributed RecA-GFP throughout the cell, indicating that removal of IPTG and DnaAN depletion only alter the ability of RecA-GFP to localize as foci. The DnaAN depletion results in anucleate cells (Ϸ10%, n ϭ 400). We did not observe RecA-GFP foci in any anucleate cells (data not shown). Our results show that DnaA and/or DnaN are required for RecA-GFP focus formation. We hypothesize that depletion of DnaAN inhibits initiation of replication, blocking replisome assembly and thus preventing the replisome from encountering damaged DNA. We propose that when the replisome encounters template strand lesions, this activity generates daughter-strand gaps to which RecA binds, eliciting the formation of RecA-GFP foci.
RecA-GFP focus formation in DnaAN-depleted cells is strikingly reduced, but not completely abolished. One explanation is that the DnaAN depletion is incomplete and replisomes are still present in a subpopulation of cells. Indeed, we examined DnaX-GFP foci under DnaAN depletion conditions and found that replisomes were in Ϸ3-5% of cells (Fig. 2 J and SI Fig. 8 ). As an additional control, we visualized Spo0J-GFP foci during DnaAN depletion. Spo0J (ParB) is involved in chromosome partitioning and occupies parS sites in the origin-proximal 20% of the chromosome (34, 35) . Spo0J-GFP foci should be observed in nucleate cells independently of the replisome. We observed Spo0J-GFP foci in Ϸ100% (n ϭ 457) of nucleate cells, demonstrating that this protein has the capability to form foci independent of replication status (Fig. 2 J and SI Fig. 8) . We conclude that the percentage of cells with RecA-GFP foci after DnaAN depletion correlates with the percentage of cells that contain replisomes after DnaAN depletion.
Replisomes Are Important for RecA-Dependent Recognition of DSBs.
The results above suggest that the bypassing of lesions created by UV, IR, and MMC by the replisome generates regions of ssDNA to which RecA can bind, and this event is visualized as a RecA-GFP focus by using microscopy. We asked whether replisomes were also required for RecA-GFP focus formation in response to DSBs. It has been shown in vitro that the B. subtilis AddAB enzyme can process a DSB, resulting in ssDNA that might be used for RecA filament formation (36) (37) (38) . Because, unlike E. coli, B. subtilis contains five epistasis groups for homologous recombination, other enzymes likely contribute to DSB processing (21) . The prevailing view of DSB repair suggests that RecA-GFP foci will form independently of replisomes by direct recruitment of RecA to ssDNA generated by AddAB or another enzyme.
To examine the role of replisomes in DSB repair, we designed a strain that allows for induction of a site-specific DSB in the absence of replisomes. This strain encodes the I-SceI restriction site (39, 40) and expresses I-SceI from a xylose-inducible promoter to catalyze the formation of DSBs in vivo. We induced DSB formation in cells during active replication for 1 h and observed RecA-GFP foci in Ϸ90% of cells (Fig. 3) . In cultures depleted for DnaAN, we observed RecA-GFP foci in only Ϸ12% of cells (Fig. 3) . We performed a Southern blot analysis to quantify the level of I-SceI cutting in the presence and absence of DnaAN (Fig. 3G) . We found that I-SceI induced a DSB in 45% of DnaAN-depleted cells (Fig. 3G, lane 2) . This demon- strates that the DSB is accumulating in DnaAN-depleted cells, yet we only observe RecA-GFP foci in Ϸ12% of these cells. In replicating cells, the DSB is less intense, presumably because it is under repair. Because the number of cells bearing RecA-GFP foci in the absence of DnaAN was higher than under previous growth conditions (Fig. 2) , we scored for DnaX-GFP foci and determined that the number of DnaX-GFP foci after DnaAN depletion conditions correlated to the numbers obtained for RecA-GFP foci (Fig. 3F) . In contrast to the prevailing model, our results show that RecA-GFP is decreased for focus formation in DnaAN-depleted cells containing DSBs. We conclude from these data that, in living cells, the replisome is necessary for RecA-GFP to form a focus at the site of a DSB.
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Replication of Damaged DNA Is Required for RecA-GFP Focus Formation. We used a strain that contains the dnaB134(Ts) allele (helicase loader) allowing synchronization of the replication cycle in B. subtilis to determine whether RecA-GFP foci respond to fork progression over damaged DNA. Strains carrying the dnaB134(Ts) allele are temperature-sensitive for replication initiation (41) , synchronizing Ϸ70% of the cells in a given culture (42) . We found that RecA-GFP formed foci in Ϸ61% (n ϭ 407) of cells growing asynchronously at 30°C when cells were treated with MMC for 30 min (Table 1 ). In contrast, we only observed damage-inducible RecA-GFP foci in 18% (n ϭ 381) of cells that were challenged with MMC for 30 min after arrest of DNA replication by incubation at 42°C (Table  1) . When these cells were released from arrest by placing the culture at 30°C, RecA-GFP foci were observed in Ϸ94% (n ϭ 228) of cells 30 min later (Table 1) . Similar results were obtained when initiation was prevented with the addition of the transcriptional inhibitor rifampicin (data not shown). These results demonstrate that replication fork progression is required for RecA-GFP focus formation in response to MMC treatment.
We then asked whether replication fork progression to the site of a DSB was also required in order to observe RecA-GFP focus formation. We determined that, in asynchronously growing cultures, RecA-GFP foci were observed in 52% of cells (n ϭ 592) 60 min after the addition of xylose and expression of the endonuclease I-SceI (Table 1) . In contrast, RecA-GFP foci were observed in only 15% (n ϭ 553) of cells arrested for replication 60 min after the addition of xylose. After release of replication forks from arrest, we observed RecA-GFP foci in 53% (n ϭ 647) of cells 60 min after release (Table 1) . With these results we conclude that replication over damaged DNA is necessary to induce RecA-GFP foci in response to DSBs.
RecA-GFP Foci Form Through a Redistribution of Existing Protein.
In both E. coli and B. subtilis, DNA damage results in the induction of Ͼ40 unlinked genes that comprise the SOS response (43) (44) (45) (46) . The recA gene is regulated by LexA, and recA transcript levels increase after exposure to exogenous damage (43) . We asked whether RecA protein synthesis and global SOS induction are required for the increase in RecA-GFP foci after DNA damage. We used a strain that contains a noncleavable [lexA(Ind Ϫ )] lexA allele (dinR3) that is unable to support SOS induction (47) . We treated this strain with UV (1 J/m 2 ) and determined that the percentages of cells with RecA-GFP foci were similar in both the lexA ϩ and lexA(Ind Ϫ ) backgrounds (Fig. 4A) . We also performed immunoblot analysis of RecA-GFP protein levels in the lexA(Ind Ϫ ) background, demonstrating that RecA-GFP protein levels are similar to the untreated control even after treatment with an elevated UV dose (Fig. 4B) . As a control, we show that RecA-GFP protein levels do indeed increase after treatment with a high level of UV in a lexA ϩ background (see SI Fig. 9 ). We conclude that an increase in RecA protein level is not important for focus formation.
Discussion
In this article, we demonstrate that both replication and DNA damage are necessary to stimulate formation of RecA-GFP foci in vivo. Previous work in E. coli showed that SOS induction was minimal in nonreplicating cells after UV irradiation (23, 24, 48) . Cells that were damaged with other agents at the nonpermissive temperature showed SOS induction but in most experiments to a lesser extent than that observed in replicating cells (23, 24, 48) . Our observation that replication of damaged DNA is required in order to elicit RecA-GFP foci after UV treatment is consistent with these studies, suggesting that the DNA damage response in E. coli and B. subtilis is similar with respect to UV lesions. We did not observe RecA-GFP foci in the majority of nonreplicating cells that were damaged with MMC and IR treatment (Fig. 2) . The difference between our results and those described in E. coli could be attributed to differences in the processing of MMC lesions between these two organisms. Because the RecA/ssDNA nucleoprotein filament is required in order to induce the SOS transcriptional response by mediating LexA cleavage, we propose that the formation of RecA-GFP foci represents an intermediate step toward SOS induction. We conclude that in B. subtilis, replication is an important step in the pathway toward RecA-GFP focus formation and likely for SOS induction.
We demonstrate that, in response to site-specific DSBs, the formation of RecA-GFP foci is enhanced by replication (Table  1 ). This result is particularly striking considering that current biochemical data show that E. coli RecA binds to ssDNA regions generated after the enzymatic processing of DSBs (1). How do we explain these results? One explanation is that, in vivo, replisomes are required to remove proteins from the DNA providing access to the DSB for processing followed by RecA binding. Another possibility is that the replisome contains a RecA loading function, and the replisome must encounter the break to efficiently load RecA onto a DSB already processed by AddAB or some other enzyme. Because RecA protein does not appear to associate with the replisome constitutively, as judged by microscopy (this work and ref.
3), and RecA is not known to interact with any components of the replication machinery (49), we propose that the first explanation is more likely. We hypothesize that other recombination proteins are recruited to replication forks when the DSB is encountered by the replisome. Replication then provides recombination enzymes access to the break and conveniently localizes the replisome and repair proteins in close proximity to allow for the coordinated loading of the replisome at the 3Ј invading strand, catalyzed by RecA, to establish recombination-dependent replication (for review, see ref. 50 ). We speculate that the dependence of RecA on the replisome for DSB recognition allows for effective and efficient coordination of repair and replication events.
In both the present work and another report (3), ''threads'' have been shown to extend from RecA-GFP foci (see SI Fig. 10 ). The previous report showed that threads extend and retract back to the foci in minutes (3). It was proposed that the threads represent RecA/ssDNA nucleoprotein filaments involved in recombination. We agree with this interpretation, but we would also like to propose that some threads probably represent the visualization of RecA bound to a stretch of daughter-strand gaps that are generated after the replication of damaged DNA. In E. coli, it was first proposed that when replication forks encounter damage, daughter-strand gaps are formed (16, 51, 52 ). In the model described in refs. 53 and 54, the replication machinery leaves a gap in the newly synthesized strand opposite a template lesion. RecA is thought to bind these gaps, and we propose that many RecA-GFP foci and/or threads could result from RecA-GFP bound to stretches of daughter-strand gaps in vivo.
Materials and Methods
Bacteriological Methods. DnaAN depletion was performed essentially as described in refs. 2 and 26. Mid-log-phase cells (5 ml) were removed and treated with a 10-cm-diameter standard germicidal fluorescent tube (for UV) or a 60 Co gamma irradiator (for IR).
Southern Blot Analysis of a Site-Specific DSB. Strain LAS261 (SI Table 3 ) was grown as described above, except the medium was supplemented with 1% arabinose, 40 g/ml IPTG, and 6.25 g/ml tetracycline. Expression of the I-SceI endonuclease was induced with 0.5% xylose (Sigma, St. Louis, MO). Purified DNA (5 g from each sample) was digested with SalI and electrophoresed on a 0.75% agarose gel. Digestion with SalI releases a 1.4-kb fragment only if the I-SceI recognition site has been cleaved in vivo. Chromosomal DNA was transferred (Ambion, Austin, TX) and probed by using the DNA segment of interest labeled with digoxigenin-11-dUTP (DIG-dUTP) for detection with anti DIG-dUTP antibodies (Roche, Indianapolis, IN).
Cell Synchronization. Strains bearing the dnaB134 allele were used to synchronize the replication cycle in B. subtilis (42) . Strains were grown in S7 50 minimal medium with 1% arabinose. Asynchronous cells (30°C) were treated with 20 ng/ml MMC for 30 min or 0.5% xylose for 60 min to induce I-SceI expression. Synchronized cells were incubated at 42°C for 30 min, followed by treatment with MMC for an additional 30 min or 0.5% xylose for 60 min to induce I-SceI expression. Cells at each time point were treated with 0.004% formaldehyde. Fixed cells were analyzed by microscopy and scored relative to the differential interference contrast microscopy image for each cell. A more detailed description of our materials and methods is presented in SI Materials and Methods. 
